Abstract: This paper considers the topic of safely docking a small unmanned surface vehicle (USV) with a larger mother ship moving in transit at sea. The proposed underway docking procedure is divided into two distinct phases to ensure a controlled and collision-free operation. Specifically, a safety circle is defined around the mother ship together with a virtual target point that can move along its circumference. During the whole procedure, the mother ship passively moves forward in a straight line while the USV actively tracks the target point using constant bearing guidance. In the first docking phase, the target is positioned at the projection of the USV position onto the safety circle surrounding the mother ship. When the USV has matched its position and velocity with the projected target point, the second phase is initiated by the target point starting to move along the safety circle until its bearing matches up with that of the desired docking point. Subsequently, the target point starts reducing its distance from the safety distance until it becomes equal to that of the docking point such that docking is finally achieved. The suggested underway docking procedure represents a simple and intuitive method which is easy to implement and tune. Its performance is illustrated through a computer simulation with an underactuated USV docking with a mother ship in transit.
INTRODUCTION
As the use of small unmanned surface vehicles (USVs) grows, it becomes increasingly important to develop technology which facilitates their operation over large geographical areas. Utilizing big mother ships to deploy such vehicles for various purposes also requires a method for retrieving them safely. Such recovery will typically necessitate some kind of docking procedure.
One example concerns a manned mother ship tasked with surveying the seabed far out at sea. This ship might be equipped with a number of USVs to assist in the survey operation to reduce operational time, see Figure 1 . Having deployed the USVs and successfully carried out the survey, the USVs need to return safely back to the mother ship.
Another example involves a group of USVs that have been stationed to perform persistent intelligence, surveillance and reconnaissance (ISR) operations at separate locations, collectively covering a large region out at sea. When these USVs have exhausted their energy resources or for instance damaged their ISR sensors, they can request pickup from a mother ship to receive appropriate replenishment services.
A third example includes a fleet of USVs which has been assigned to replenish a fleet of autonomous underwater vehicles (AUVs). The AUVs might be members of a large ocean sampling network, tirelessly collecting information about what goes on under the ocean surface. However, their endurance is significantly limited by their power source which is based on batteries that need to be frequently recharged. Using manned vessels to perform such energy replenishment is prohibitively expensive, unlike USVs which represent a more realistic and cost-e!cient alternative. However, the USVs also need to refuel periodically and thus require the ability to safely conduct underway docking against a larger replenishment vessel.
Previous Work
Very little work seems to have been done on the subject of docking for surface vessels. In (Martins et al. 2007 ), a vision-based docking procedure involving an autonomous surface vehicle (ASV) and an AUV is described. The ASV is tasked with locating and docking with the AUV, which is just floating unpowered on the ocean surface. A hybrid docking algorithm is suggested where the ASV employs pure pursuit guidance to rendezvous with the stationary AUV. Dunbabin et al. (2008) also consider a vision-based docking scheme which enables an ASV to recover a passive AUV. The procedure consists of two stages, where the ASV initially positions itself by GPS behind the AUV using virtual force fields, and subsequently carries out an alignment procedure using its vision system before approaching the AUV to finalize the docking operation. However, no previous work seems to address the problem of underway docking for surface applications, where one vessel is tasked with approaching and docking with another vessel which is moving.
More eort appears to have been put into the task of developing docking procedures for underwater applications. In particular, Rae et al. (1993) suggest a fuzzy logic control system which enables an AUV to dock with a moving submarine; Feezor et al. (2001) Finally, spacecraft rendezvous and docking has been an active field of research for decades, see Figure 2 . The first fully automated space docking took place in 1967 and involved two USSR Kosmos spacecraft (Fehse 2003) . More recently, Wertz and Bell (2003) describe a scheme where a so-called chaser spacecraft actively carries out docking maneuvers, while a so-called target craft is tasked with remaining as stable as possible during the operation. Docking is also important for aircraft refuelling missions, but these are usually carried out under manual control.
Main Contribution
This paper is partly based on (Loberg 2010) and proposes a simple and intuitive method for safely achieving underway d o c k i n gb e t w e e nas m a l lU S Va n dal a r g e rm o t h e rs h i p . Kinematic control laws are suggested to e!ciently guide the USV to rendezvous in a collision-free manner with its designated docking point relative to the moving mother ship. Specifically, the USV actively tracks the position of a virtual target point using constant bearing guidance as described in (Breivik 2010) . The target point moves in such a manner that it first safely attracts the USV from any initial position into close proximity of the mother ship, before it subsequently guides the USV in a controlled maneuver relative to the mother ship until docking has been achieved. Thus, while the mother ship executes passive straight-line motion, the USV plays an active role by carrying out the required docking maneuvers. The approach is suitable for both fully actuated and underactuated USVs since the mother ship is always in motion and can also be straightforwardly extended to a 3D scenario. This work represents a first step toward developing a simple and safe docking procedure for USVs.
USV TARGET TRACKING
We consider an underactuated and highly maneuverable USV such as the one shown in Figure 3 which is equipped with a velocity control system similar to the one developed and experimentally validated in (Breivik et al. 2008 ). This control system enables the USV to achieve velocity commands generated by a guidance system to solve specific motion control objectives. In particular, the motion control objective relevant for our underway docking application is called target tracking since the purpose is to track the motion of a virtual target point. Hence, we want the USV to match both position and velocity with the target, which is also known as target rendezvous (Breivik 2010 ).
In our consideration, the planar USV position and velocity are represented by p(w) , [{(w)>|(w)] > # R 2 and v(w) , dp(w)@dw ,ṗ(w) # R 2 , stated relative to some stationary reference frame. Similarly, the position and velocity of the target are represented by
and v t (w) ,ṗ t (w) # R 2 , respectively. Then defining the position and velocity errors
and collecting these in the state vector
the control objective of the target tracking scenario can be stated as lim This control objective can be solved by assigning velocity commands according to the constant bearing (CB) guidance principle, which is well known in the guided missile literature. The particular mechanization of CB guidance employed here was first suggested in (Breivik et al. 2006) and involves directly assigning the desired velocity as
where v a (w) is the relative velocity with which the USV is allowed to approach the target, chosen as
where X a>max A 0 specifies the maximum approach speed toward the target and 4p A 0 influences the transient USV-target rendezvous behavior. This velocity assignment is illustrated in Figure 4 , while Figure 5 illustrates the associated speed assignment as a function of the USV-target distance |p(w)| , pp (w) >p (w) for movement purely along the x-axis. Hence, in addition to assigning the target speed v t (w) as a kinematic feedforward to nullify the relative velocity flow between the USV and the target, a bounded approach velocity v a (w) is assigned along the USV-target line-of-sight vector to ensure a smooth rendezvous.
As already mentioned, the parameters X a>max and 4p in (6) make it possible to explicitly specify the transient rendezvous behavior, which is advantageous when considering vehicles with known motion constraints. As long as the maximum USV speed X max is larger than the target speed X t (w)=|v t (w)| and X a>max is properly chosen, the assignment (5)- (6) is feasible and guarantees a bounded reference velocity which is physically realistic. The target will thus be pursued at a maximum speed of X t (w)+X a>max , which ramps down to X t (w) when |p(w)| decreases below 4p toward zero and rendezvous.
Finally, omitting the time arguments for notational ease, the corresponding acceleration assignment a d =v d ,whic h is required by the USV velocity control system, becomes a d = a t + a a (7) where a t =v t is the target acceleration and
is the approach acceleration corresponding to v a in (6).
Stability Considerations
Denoting the velocity error as
we assume that this error is handled by a velocity control system similar to the one described for a sway-unactuated USV in (Breivik et al. 2008) . Specific a l l y ,w ea s s u m et h a t the closed-loop error dynamics can be represented bẏ
whose origin is assumed to be uniformly globally asymptotically stable (UGAS) as well as uniformly locally exponentially stable (ULES). With this property in mind, the use of (5)-(6) to achieve (4) can be investigated in a Lyapunov-based setting using nonlinear cascade theory.
Again omitting the time arguments for notational ease, consider the positive definite and radially unbounded Lyapunov function candidate
and dierentiate it along the trajectories ofp to obtaiṅ Yp =p >v , (12) wherev also can be written as 
when using v d as prescribed by (5)-(6). Hence, we achievė
and assuming for a moment perfect velocity control such thatṽ = 0 results iṅ
which is negative definite since X a>max A 0 and 4p A 0. Consequently, in this case it can be concluded by standard Lyapunov arguments that the target tracking guidance law (5)- (6) renders the origin ofp uniformly globally asymptotically stable (UGAS). In addition, for local motion around the origin we obtaiṅ
which means that the origin ofp is also uniformly locally exponentially stable (ULES). Hence,p = 0 is in fact UGAS/ULES, also known as -exponential stability.
The combined closed-loop position and velocity error system can then be represented by the nonlinear cascade
where the ṽ system is seen to linearly perturb the p system. In fact, if the origin ofṽ is UGAS/ULES, Theorem 7 and Lemma 8 in (Panteley et al. 1998 ) directly show that the origin of the combined system (18)-(19) also becomes UGAS/ULES when the unperturbed origin ofp is UGAS/ULES. Consequently, the target tracking control objective (4) is achieved in a globally -exponential manner sincev 0 whenṽ 0 andp 0.
VIRTUAL TARGET UNDERWAY DOCKING
Underway replenishment (UNREP) technology is a vital enabler for navies to carry out missions on a global scale (Miller and Combs 1999) . While a guide ship maintains s t e a d yc o u r s ea n ds p e e d ,a na p p r o a c hs h i pm o v e su p alongside the guide to receive fuel, munitions and food. Replenishment is thus performed while underway, between two ships moving alongside each other at a safe transverse distance, see also (Skejic et al. 2009 ). Similar to an UNREP maneuver, we consider an underway docking operation where the main goal is to safely reduce the distance b e t w e e nas m a l lU S Va n dad o c ka t t a c h e dt oal a r g e r mother ship while underway. This consideration is mainly motivated by missions requiring e!cient deployment and recovery of USVs over large geographical areas.
In particular, a safety circle is defined around the mother ship together with a virtual target point that can move along its circumference. The location of the target point is parameterized by its distance and bearing relative to the mother ship position and heading. The USV is then Fig. 6 . During the homing phase, the USV tracks its projection onto the mother ship safety circle.
assigned to actively track this target while the mother ship moves passively forward in a straight line. To ensure a controlled and collision-free operation, the underway docking procedure is divided into two distinct phases:
(1) Homing phase: The target position is calculated as the projection of the USV position onto the safety circle surrounding the mother ship. When the USV has matched position and velocity with the projected target point using constant bearing guidance, the second phase is initiated. (2) Docking phase: While shadowed by the USV, the target point starts moving along the safety circle until its bearing matches up with that of the desired docking point. Subsequently, the target point starts reducing its distance from the safety distance until it becomes equal to that of the docking point, which means that the USV has docked with the mother ship.
The USV is thus guided from any initial position toward its desired docking position by the motion of the virtual target point. All the necessary guidance computations can be performed onboard the USV if the mother ship motion data and dock location are communicated. The proposed cooperative docking procedure is detailed in the following.
Homing Phase
In this initial phase, the USV homes in on the virtual target point, whose location is calculated as
where p m (w) represents the mother ship position,p m (w) , p(w) p m (w) where p(w) is the USV position, while s A 0 is the constant radius of the safety circle surrounding the mother ship, see Figure 6 . Omitting time arguments for notational brevity, the corresponding target velocity then becomes
where v m =ṗ m is the mother ship velocity andv m = p m = v v m is the relative mother ship-USV velocity.
A switch is then made to the docking phase when the USV has matched its position and velocity with (20) and (21). Fig. 7 . In the docking phase, the target point guides the USV along the safety circle toward the docking point.
Inpractice,theswitchcanforinstancebemadewhenp(w) andv(w) are within the accuracy of the navigation system. The homing phase thus enables the USV to maneuver itself onto the safety circle from any initial position without danger of colliding with the mother ship.
Docking Phase
In this main phase, the location of the virtual target point is parameterized by the polar coordinates t (w) # S , [> ] (bearing) and t (w) # £ 4 > s ¤ (range) relative to the mother ship heading # m (w) # S and position p m (w) # R 2 , see Figure 7 . Hence, its position is now calculated as
while the dock position is calculated as
where 4 # S and 4 A 0 represent the constant bearing and range coordinates of the dock relative to the mother ship heading and position.
The control objective of the docking phase is to first make the target-dock bearing error t (w) , 4 t (w) converge to zero, and thereafter make the range error t (w) , 4 t (w) go to zero such that docking is achieved. This objective is equivalent with the target-dock position errorp t (w) , p 4 (w) p t (w) converging to zero in a safe and collision-free manner.
Specifically, the bearing and range objectives can be solved by using the following bearing and range controllerṡ
and t = y t> max tanh
where $ t> max A 0 and y t> max A 0 are the maximum angular and linear speeds with which the target is allowed to approach the dock, while 4 A 0 and 4 A 0 are tuning gains which shape the transient target-dock motion. Also,
is a synchronization variable where 4 >p A 0 specifies how smallp(w) m u s tb ef o rt h ed oc k i n gt op r o g r e s s ,w h i l e (w)=1 tanh
where 4 > A 0 specifies how small t (w) must be beforē t (w) is allowed to be reduced. These synchronization variables thus ensure that the USV must closely track the target for the target to move toward the dock and also that the docking procedure is executed in the proper sequence. Also, by initializing (24) and (25) such that the initial p t (w) of the docking phase is identical to the final p t (w) of the homing phase, the USV will experience a seamless transition vis-a-vis the target when switching and thus continue to shadow it closely during the docking phase.
Omitting time arguments, we also have that
Stability Considerations
The convergence of the USV to the target point has already been shown in Section 2, and the convergence of the target point to the docking point can be shown in a similar fashion. Specifically, consider the positive definite and radially unbounded Lyapunov function candidate
which can be dierentiated along the trajectories of t aṡ
when p =1, which means that the unperturbed origin of t is -exponentially stable. Likewise, consider
and dierentiate it with respect to time to obtaiṅ
when p = =1, ensuring that t also converges to zero. Hence, the USV converges to the docking point through a cascade of error variables whose origins are all designed to be -exponentially stable in the unperturbed case.
SIMULATION RESULTS
This section presents results from a computer simulation involving an underactuated USV docking with a larger mother ship in transit. In particular, the USV is a semidisplacement vessel of length 8=3 p with a top speed of X max =1 0p@v. Named the Viknes USV, it represents a multipurpose test vehicle for the company Maritime Robotics in Trondheim, see (Breivik 2010 ) for further details. The velocity control system of the USV is a modifiedversionoftheonedetailedin (Breiviket al. 2008) and enables the vehicle to handle target tracking scenarios as required by the proposed underway docking procedure. The mother ship is a 33 p long vessel travelling northeast with a speed of X m =5p@v. The docking point is located at 4 = @2 and 4 =12, while the safety circle radius is chosen as s =3 0 . Also, the CB guidance parameters are chosen as X a>max =3and 4p = 120, while the bearing and range controllers use $ t> max =0 =03, 4 =0 =08, y t> max =0=5, 4 =2, 4 >p =0=5 and 4 > =0=018. Figure 8 shows a relative position plot of the underway docking maneuver. Since both vehicles are moving, the underactuated USV is able to execute holonomic motions relative to the mother ship. With its propeller and rudder actuator configuration it only attempts to control its velocity and thereby its position, using the heading as a means to achieve this objective. Hence, even though the USV is underactuated, the control problem is not.
Despite the fact that the USV initiates its homing approach from the opposite side of the dock location, it is able to safely move toward its final goal in a controlled and collision-free manner guided by the virtual target. Figure  9 shows how the ranges to the target and docking points are reduced during the roughly 8-minute long operation.
CONCLUSIONS
This paper has considered the topic of safely docking a small USV with a larger mother ship in transit. The suggested underway docking procedure is divided into two distinct phases to enable a controlled and collision-free operation. Kinematic control algorithms ensure that a velocity-controlled USV is able to converge to a virtual target point located on a safety circle enclosing the mother ship, and that the target point subsequently moves on the circle toward the assigned docking point in a controlled and safe manner such that the USV does not collide with the mother ship. The approach is particularly suited for underactuated vehicles, and this work represents a first step toward a simple and safe docking procedure for USVs. Future work include testing the scheme in full scale at sea. Fig. 9 . The USV first converges to the virtual target point after approximately 200 seconds and then docks with the mother ship after nearly 500 seconds.
